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Effects of salinity, temperature and their interactions on ﬁnal percentage and the rate of germination were evaluated for two grasses, the halo-
phytic Chloris virgata and the glycophyte, Digitaria sanguinalis. Seeds were germinated in 0, 50, 100, 150, 200 and 250 mMNaCl solutions under
constant temperatures of 15, 20, 25, 30 °C and alternating temperatures of 15/25 and 20/30 °C with a 12 h photoperiod. In D. sanguinalis, the
hydrotime model described the time course of seed germination well; however, it provided a poor description of C. virgata germination. In both
species, most of the un-germinated seeds transferred to distilled water were still viable. Results suggest that seeds take salt up, causing inhibition of
germination at sub-toxic concentrations; however, when returned to pure water, this extra salt may be able to increase germination rates and
percentages.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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Successful germination is crucial in the life cycle of terrestrial
angiosperms. Seeds that are able to effectively respond to environ-
mental conditions and alter their germination behaviour will be
more likely to survive and become established. Tolerance to salin-
ity during germination is critical for the establishment of plants
growing in saline soil of arid and semi-arid regions (Chapman,
1974; Ungar, 1995). Despite the importance of germination
under salt stress, the mechanisms of salt tolerance in seeds are rel-
atively poorly understood, especially when compared with the
amount of information currently available about salt tolerance⁎ Corresponding author. Tel.: +86 431 85542231; fax: +86 431 85542206.
E-mail address: zhoudaowei@neigae.ac.cn (D. Zhou).
0254-6299/$ - see front matter © 2011 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2011.08.008physiology and biochemistry in vegetative plants (Hester et al.,
2001; Garthwaite et al., 2005; Hu et al., 2005; Ren et al., 2005).
According to their degree of salt tolerance, plants are divided
into halophytes (salt tolerant) and glycophytes (salt sensitive) spe-
cies, although this division is largely arbitrary. No comprehensive
list of halophyte and glycophyte species exists because of the con-
tinuous nature of the salt tolerance gradient, which extends from
obligate halophytes through the glycophytes to the most salt sen-
sitive crops (Greenway and Munns, 1980).
Salt reportedly affects seed germination through osmotic effects
(Welbaum et al., 1990), ion toxicity or a combination of the two
(Huang and Reddman, 1995). However, recent evidence suggests
that the osmotic component of salinitymay be overstated. Seeds in-
cubated in saline solutions down to −5 MPa were noted to achieve
the same final water contents as water control seeds, although the
rates of water uptake were decreased (Irving et al., unpublishedts reserved.
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lead to decreased rates of water uptake, inhibiting both germination
and leaf elongation (Werner and Finkelstein, 1995; Fricke et al.,
2006). However, conventional understanding is that provided Ψ
is equal or greater than the seed base water potential (Ψb), the
seed will germinate. On the other hand, high intracellular concen-
trations of both Na+ and Cl− ions can inhibit critical metabolic
steps in dividing and expanding cells (Neumann, 1997), and may
be toxic at high concentrations. Salinity-induced declines in the
germination of halophytes are reportedly mainly due to osmotic ef-
fects only, whereas glycophytes are more likely to exhibit addition-
al ion toxicity (Romo and Haferkamp, 1987; Dodd and Donovan,
1999). It is worth noting that while Dodd and Donovan used both
NaCl and PEG in their study, they did not measure the seed water
contents. Gummerson (1986) developed the hydrotime model to
model seed germination responses to Ψ induced by NaCl;
θH ¼ Ψ−Ψbð Þtg ð1ÞG
er
m
in
at
io
n 
(%
)
0
20
40
60
80
100
Days
0 2 4 6 8 10
G
er
m
in
at
io
n
 
(%
)
0
20
40
60
80
100
G
er
m
in
at
io
n
 (%
)
0
20
40
60
80
100
a
c
e
Fig. 1. Germination time courses of C. virgata seeds at a range of temperature regime
100;, Δ 150; ■, 200; □, 250 mM NaCl solutions. The symbols are the actual data,
values shown in Table 1.where θH is the hydrotime constant,Ψb is the base Ψ that will just
prevent germination of fraction g of the seed population, and tg is
the time to a given germination percentage. This model has been
reported to accurately describe germination timing, percentages
and germination rates at reduced Ψ (Bradford, 1990; Cheng and
Bradford, 1999), yet in truth frequently over- or under-estimates
germination rates and percentages (for example, Fig. 1, Cheng
and Bradford, 1999). Seeds exposed to increased salinity, for ex-
ample, will commence germination later, germinate more slowly
and, ultimately, fewer seeds will germinate (if Ψ is lower than
the Ψb of some of the seeds).
Salt tolerant species are reported to have high osmotic poten-
tials, allowing them to maintain Ψb values lower than the envi-
ronmental Ψ. This can be achieved in two ways: exclusion of
salt from the cells, whilst maintaining osmotic potential using
organic solutes, or by allowing NaCl entry into the cells,
using it as an osmolite and having mechanisms for dealing
with the toxic effects of salt within the cell (Rajendran et al.,
2009). The cellular salt concentration is a function of the fluxesDays
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f
d
b
s (a, 15; b, 20; c, 25; d, 30; e, 15/25; f, 20/30 °C) and salinities (●, 0; ○, 50; ▲,
and the lines are the time courses predicted by the hydrotime model using the
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have limited regulation of NaCl entry, whilst halophytic species
typically have good regulation with ion gated channels regulat-
ing the entry of NaCl into the cells (Glenn et al., 1999). Some
halophytic species accumulate Na+ and Cl− ions in the vacuole,
allowing the cytoplasm to be maintained at substantially lower
ion concentrations and avoiding metabolic inhibition (Rea et
al., 1992; Serrano and Gaxiola, 1994). However, all these
mechanisms of salt tolerance: excretion, osmotic adjustment
using organic solutes and compartmentalisation of Na+ are met-
abolically energetic and compete with plant growth for re-
sources (i.e. sugars). Thus, if these mechanisms, elucidated in
vegetative plant cells, also operate within the cells of seeds ger-
minating in saline environments, there are conflicting demands
for their finite C reserves, both osmotic balance and growth,
which require the seed to balance these two needs in order to
maximise the likelihood of successful germination.
Temperature is fundamental in determining the rate of germina-
tion of non-dormant seeds in most species. Understanding the spe-
cific interactions between salinity and temperature is important in
understanding the factors controlling the rate of seed germination.
Although high environmental salinity inhibits germination, the det-
rimental effect of salinity is generally reduced at optimum temper-
atures (Khan et al., 2002), with decreased germination noted in
various species at either supra-optimal, sub-optimal (Gulzar and
Khan, 2001), or sub- and supra-optimal temperatures (Khan and
Gulzar, 2003). Alternating temperatures have been reported to pro-
mote germination (Gulzar and Khan, 2001), which may be a result
of seeds evolving to germinate under fluctuating diurnal condi-
tions. The majority of studies on germination response to salt use
either constant or alternating temperature regimes, and little is
known about the differences in seed response between these two
systems. In this study, we used both constant and alternating tem-
peratures to allow comparison between these systems. Salinity–
temperature interactions may have significant eco-physiological
implications in terms of time of germination under field conditions
(Ungar, 1995).
Chloris virgata, being strongly adaptive and widely distrib-
uted, is a vanguard halophyte species of degenerated grassland.
C. virgata has high seed production, good palatability, and,
being of high nutritive value, represents a potentially useful
grass species to develop in northern China, especially in saline
areas. Digitaria sanguinalis (common crabgrass) is found
worldwide. The germination responses to environmental vari-
ables of seeds from these two grass species, particularly to sa-
linity and temperature, are poorly understood. In this paper,
we aim to explore the germination responses of these two
grass species and, through the application of hydrotime
model, to formulate physiological hypotheses for future testing
that explain the observed germination rates.
2. Materials and methods
2.1. Experimental conditions
Seeds of C. virgata and D. sanguinalis were collected during
autumn 2002 from wild populations in Songnen plain (123° 44′–47′E, 44° 40′–45′N) situated in the Western Jilin province of
China. Seeds were dry-stored in cloth bags at room temperature
until the start of the experiment. Six salinities (0, 50, 100, 150,
200 and 250 mM NaCl) were used based on a preliminary test
of salt tolerance of the species. TheΨ of the solutions were deter-
mined using a dew point micro-voltmeter (HR33T, Wescor Inc.,
USA) for constant temperatures. The Ψ of the solutions at alter-
nating temperatures were assumed to be the average of the day
temperature and night temperatures. Distilled water has a Ψ
value of 0 MPa, whilst the highest salinity solution, 250 mM
NaCl, had a Ψ value of −1.06 MPa at 20 °C. Seeds were germi-
nated in two folds of filter paper placed in 10 cm diameter Petri
dishes with 10 ml of test solution. The water level was adjusted
daily with distilled water to avoid changes in salinity due to evap-
oration (Redondo et al., 2004). Three replicates of 50 seeds each
were used for each treatment. Seeds were considered to have ger-
minated upon the emergence of the radicle. Germination studies
were conducted during April 2005 in programmed incubators
(HPG-400, Haerbin, China) at constant temperature regimes of
15, 20, 25 and 30 °C and alternating temperature regimes of
(dark/light) 15/25 and 20/30 °C, with a 12 h photoperiod (Sylva-
nia cool white fluorescent lamps, 25 μmol photons m−2 s−1,
PAR) and a 12 h dark period. Germination was recorded every
day for 10 days. After 10 days, un-germinated seeds of the two
species from the NaCl treatments at 15 and 20 °C were trans-
ferred to distilled water exposed to the same temperature to
study the recovery of germination, which was also recorded
every day for 10 days. Recovery of germination was calculated
as a percentage of seeds which had not germinated in the saline
solution after 10 days, but subsequently germinated in distilled
water.
2.2. Mathematical modelling of germination parameters
Germination rate was denoted by the reciprocal of the germi-
nation time and the germination time of 50% of viable seeds
was interpolated from the germination time courses. As the
data produced were not linear, a three-parameter power model
with the following equation was fitted to plots of germination
rate against environmental salinity:
y ¼ axb þ y0 ð2Þ
where y is the rate of germination; x is NaCl concentration; yo is
the rate of germination when the NaCl concentration equals
zero; the exponent, b, allows the regression line to curve to fit
the data.
2.3. Data analysis
Germination and recovery germination data were arcsine
transformed before statistical analysis. Germination time
course data were analysed and the parameters were deter-
mined for the hydrotime models using PROBIT regression
analysis in SPSS (version 13.0, SPSS Inc., Chicago, Illinois,
USA), as described previously (Bradford, 1990). Analyses of
variance were conducted using SPSS and linear regression
206 H. Zhang et al. / South African Journal of Botany 78 (2012) 203–210was carried out using Sigmaplot (version 10.0, Systat Soft-
ware Inc., Richmond, California, USA).
3. Results
Germination of both C. virgata and D. sanguinalis seeds was
significantly affected by temperature, salinity and their interaction
(Pb0.001 in all cases). For C. virgata seeds, germination typically
approached 90–100% in all treatments at all temperature regimes,
with the exception of the 250 mMNaCl treatment at 15 °C and the
salinity treatments higher than 150 mM NaCl at 30 °C, which
achieved approximately 70–90% germination by the end of the ex-
periment. The final germination percentage was approximately
equal to the water control in all other treatments (Fig. 1). At low
temperatures (15 or 20 °C) the time course of seed germination
was a sigmoidal to slightly elongated sigmoid shape, with low ger-
mination rate initially, followed by a phase when most of the seeds
germinated, and then a period where only the last few seeds germi-
nated. Thus, if the number of seeds germinating per day was plot-
ted it would have an approximately normal distribution. At the
higher temperatures (25 or 30 °C) most of the seeds germinated
within the first two days; however, there was evidence of a slight
(non-significant) repression of germination in the high salinity
treatments (Fig. 1c and d). Fig. 1e and f show the germination
rates of seeds exposed to a 15/25 °C or 20/30 °C night/day regime,G
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Fig. 2. Germination time courses of D. sanguinalis seeds at a range of temrespectively. The profiles of seed germination in these two treat-
ments represent a point somewhere between the seeds held con-
stantly at either of those two temperatures, perhaps with a bias
slightly towards the lower temperature. Again, the seeds that ger-
minated under the highest salinity conditions exhibited reduced
germination rates.
For D. sanguinalis seeds, both temperature and salinity
had pronounced effects on germination (Fig. 2). At 15 °C
only 4.7% of the seeds in distilled water germinated after
10 days, with no germination noted until day six. Under sa-
line conditions no germination was observed during the ex-
periment at 15 °C. Similarly, high salinities greatly reduced
germination at 20 °C, with only 45% germination recorded
within 10 days from the seeds placed in 250 mM NaCl solu-
tion. Germination percentages were highest in the 25 and
30 °C treatments, although again higher salinities delayed
seed germination. The seeds germinated under 15/25 °C
(Fig. 2e) exhibited germination rates slightly higher than
those seeds germinated at 20 °C, although they showed the
same repression of germination by NaCl as the 20 °C seeds.
The results for the seeds germinated under 20/30 °C
(Fig. 2f) were similar to those for seeds germinated at
15/25 °C (Fig. 2e); however, the repression of germination
was less pronounced. As with C. virgata, germination fol-
lowed an approximately sigmoidal time course.Days
0 2 4 6 8 10
b
d
f
perature regimes and salinities. The symbols are the same with Fig. 1.
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actual C. virgata seed germination time courses at different
water potentials poorly. By contrast, the model provided a
good description of the germination response of D. sanguinalis
seed germination time courses at a range of different salt con-
centrations (Figs. 1 and 2). The hydrotime model overestimated
the time taken for C. virgata seeds to germinate, especially at
lower salinities under low temperatures (specifically Fig. 1a
and b, although also 2b). The θH values decreased with increas-
ing temperature while Ψb(50) values decreased up to 25 then
increased at 30 °C in both species (Table 1). The decrease in
θH and Ψb(50) as temperature increased reflected the decreased
time required for germination. At alternating temperatures the
Ψb(50) was higher (less negative) than that at the constant aver-
age temperature of day and night for C. virgata (i.e. theΨb(50) for
the 15/25 °C treatment was higher than for the 20 °C treatment);
however, in D. sanguinalis, the Ψb(50) value was lower (more
negative) for the 15/25 °C treatment, but not the 20/30 °C treat-
ment. The Ψb(50) values of C. virgata were lower than the
Ψb(50) for D. sanguinalis at 20 and 25 °C, but higher at 30 °C.
In the alternating temperatures treatments, C. virgata had consis-
tently lower Ψb(50) values than D. sanguinalis.
The germination rate generally increased with the increasing
temperature for both species, although the differences in germi-
nation rates in C. virgata between 25 and 30 °C were small
(Fig. 3c and d). Both species exhibited decreased germination
rates as salinity increased. In D. sanguinalis the relationship be-
tween the rate of germination and the concentration of NaCl
was typically linear or close to linear, however, it was only at
the lowest temperature (15 °C, Fig. 3a), and under the alternat-
ing temperature conditions, that a linear relationship was noted
in C. virgata. As the incubation temperature increased the rela-
tionship between the rate of germination in C. virgata and sa-
linity became more curvilinear, as the germination rates
increased more rapidly at the intermediate salinities, than in
the water control or the highest salt levels. At the higher tem-
perature treatments (25 and 30 °C), the germination rate was
relatively constant at a little below two at the lower salinity
levels, up to 100 mM NaCl, however as the sodium chloride
concentration increased above this level, the rate of germination
decreased at an increasing rate. It seems likely that the reasonTable 1
Parameters of the hydrotime model characterizing germination of C. virgata and
D. sanguinalis seeds at six water potentials and six regimes of temperature.
T (°C) θH (MPa d) Ψb (50) (MPa ) σ Ψb (MPa) r
2
C. virgata 15 6.07 −1.95 0.46 0.70
20 2.15 −2.11 0.77 0.79
25 1.37 −2.53 0.84 0.56
30 0.64 −1.67 0.57 0.72
15/25 1.4 −1.63 0.43 0.81
20/30 1.9 −2.33 0.76 0.71
D. sanguinalis 20 3.88 −1.38 0.25 0.93
25 2.43 −2.36 0.51 0.85
30 1.92 −2.08 0.50 0.80
15/25 2.56 −1.50 0.33 0.86
20/30 2.48 −1.71 0.28 0.87for this curvilinearity is due to seeds having a minimum germi-
nation time, with the 0, 50 and 100 mM seeds all germinating at
this rate. The rate of germination under the alternating temper-
ature regimes (Fig. 3e and f) was generally closer to the higher
than the lower temperature in C. virgata, while it was closer to
the higher temperature in the 15/25 treatment, and the lower
temperature in the 30/20 °C treatment in D. sanguinalis.
When un-germinated seeds were transferred to distilled
water after 10 days of salinity treatment, the recovery of germi-
nation increased with an increase in pre-transfer salinity
(Fig. 4). At 20 °C, none of the seed placed in either the 50 or
100 mM solutions recovered after being transferred to distilled
water for either of the two species, presumably because all via-
ble seeds had germinated, as evidenced by the high germination
percentages. In D. sanguinalis, the recovery of germination was
less than 40% irrespective of the salinity treatments at 15 °C, al-
though a positive relationship was noted between the pre-
treatment salinity and the subsequent recovery of germination.
C. virgata exhibited higher germination recovery percentages
at the lower temperature, with a greater proportion of viable
seeds suppressed by NaCl at 15 °C than at 20 °C.
4. Discussion
Figs. 1 and 2 showed the germination time courses for C.
virgata and D. sanguinalis, respectively. Whilst the PROBIT
analysis used closely represents the germination response in
D. sanguinalis, the model consistently over-estimated the time
required for seed germination in C. virgata; especially at the
lower (0, 50, 100 mM NaCl) salt treatments. Generally, in
both species, final germination percentages reached levels be-
tween 90 and 100%, irrespective of the salt concentration. No-
table exceptions to this were C. virgata at 30 °C, where high
salinities reduced the final percentage, and in high salinity treat-
ments at low temperatures, where germination rates were lower,
and the seeds simply had not reached their maximum percent-
ages by the end of the 10 day period. This, unfortunately,
makes it impossible to know whether, at low temperatures,
salt decreased the final germination percentage in these cases,
or merely delayed germination. In either case, salt seemed to
have no toxic effects in either species at concentrations up to
250 mM NaCl.
D. sanguinalis appeared to have higher base and optimum
temperatures than C. virgata. At 15 °C, less than 5% of D. san-
guinalis seeds incubated in water were able to germinate, while
C. virgata exhibited high germination percentages. At 30 °C,
however, C. virgata exhibited decreased germination percent-
ages under high salinities, which might indicate sodium toxici-
ty, or the inability to effectively compartmentalize salt, perhaps
due to membrane ‘leakiness’ as a result of increased phospho-
lipid fluidity at high temperatures (Corbineau et al., 2002).
In distilled water, the germination rate (reciprocal of the ger-
mination time of 50% of the viable seeds) of C. virgata was
higher than D. sanguinalis; this was attributable to differences
in Ψb between the species. The germination rate increased
with increasing temperature to 25 °C in C. virgata, after
which there was no further increase. In D. sanguinalis, the
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Fig. 3. The relationship between germination rate and salinities of C. virgata (●) and D. sanguinalis (○) seeds at different temperature regimes (a, 15; b, 20; c, 25;
d, 30; e, 15/25; f, 20/30 °C).
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30 °C. The relationship between salinity and germination rate
was linear, or close to being linear, in D. sanguinalis, which
suggests a simple physical cause, and may be indicative thatR
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Fig. 4. Recovery of germination (Mean±S.E.) of C. virgata and D. sanguinalis
seeds in 0, 50, 100, 150, 200, 250 mM NaCl at 15 and 20 °C.osmotic limitation is important in determining the germination
rate in D. sanguinalis. However, despite the reduction in germi-
nation rate, germination percentages remained uniformly high,
suggesting that the osmotic stress imposed was enough to
slow water uptake, but not prevent the seeds from achieving
the required water content for germination. In C. virgata, the re-
lationship between salinity and germination rate was reason-
ably linear at low temperatures, but curvilinear at the higher
incubation temperatures. At 25 and 30 °C it took a little over
half a day for 50% of C. virgata seeds to germinate in water,
50 mM and 100 mM NaCl solutions. This may represent the
minimum time required for germination, and that NaCl solu-
tions up to approximately 100 mM have no effect on germina-
tion processes at higher temperatures, consistent with C.
virgata's status as a halophyte. At higher salinities, germination
rate decreased rapidly, which may be a result of osmotic stress
or reduced enzyme activities, etc. Salt has been linked with re-
duced α-amylase activity in seeds (Bouaziz and Hicks, 1990;
Almansouri et al., 2001). Amylase is important in the break-
down of starch reserves, which provides sugars for embryo
209H. Zhang et al. / South African Journal of Botany 78 (2012) 203–210growth and development. At all temperatures, and under all
conditions, the germination rate of C. virgata was higher than
that for D. sanguinalis, even under control water conditions.
In the present study we used both constant and alternating
temperatures. The germination rate at alternating temperature
was intermediate to its constant day and constant night temper-
ature. The germination rate of the 15/25 °C treatment was
slightly higher than the 20 °C constant temperature treatment,
while the germination rate of the 20/30 °C treatment was slight-
ly lower than the 25 °C treatment. Two possible explanations
exist; either the seeds have evolved to germinate under fluctuat-
ing conditions, and some biochemical reactions work better at
high temperature, and some better at lower temperatures, or
that the accumulation of thermal time is not linear and some re-
action rates at low temperatures are disproportionately lower
than would be expected.
Halophyte seeds typically have the ability to maintain seed
viability for extended periods of time during exposure to
hyper-saline conditions and then to commence germination
when salinity stress is reduced or removed (Khan and Ungar,
1996). Fig. 4 presents the recovery of germination in seeds
which failed to germinate in their respective salt and tempera-
ture treatments. A large number of the un-germinated seeds of
both species remained viable and an increase in the percentage
recovery with increasing salinity was noted, suggesting that sa-
linity itself caused the repression of germination in a significant
proportion of seeds. As the increasing salinities represent de-
creasing values of Ψ, it should be unsurprising that the number
of seeds suffering repressed germination at increased salinities
also increases. However, as noted earlier, recent work (Irving
et al. unpublished data) suggests that in wheat seeds water up-
take rate is reduced by salt down to −5 MPa, but the final
water content was unaffected. Taken together, this fact along
with the salt induced repression of germination suggests that
salt actually enters the seed, but causes ‘salt inhibition’ of ger-
mination, but is not directly toxic, as the seeds can recover in
pure water. It is speculated that D. sanguinalis chronically
lives in saline Songnen grassland region and develops some
halophyte-like adaptive strategies. However, it can't adapt
higher salinities (higher than 250 mM).
Radical emergence has been reported to be a result of in in-
crease hydraulic pressure, rather than cell division (Foard and
Haber, 1961; Gornik et al., 1997; Gurusinghe et al., 1999).
Thus, the rate of seed germination is determined both by the ab-
solute base water potential of the seeds within the population,
but also by their ability to alter their osmotic potential by incorpo-
rating salt into the seed. D. sanguinalis germinated poorly in dis-
tilled water at 15 °C, less than 5% of seeds germinated after
10 days; however, the recovery of germination reached nearly
40% in seeds that were exposed to either distilled water or to
the 200 and 250 mM NaCl. A positive correlation between salin-
ity and germination recovery can be seen in the 15 °C D. sangui-
nalis seeds, if the water control is discounted. Indeed, this
correlation can be noted in C. virgata seeds at both 15 and
20 °C as well. This response to salinity suggests that the exposure
to saline conditions may decrease seed Ψb(g), presumably by se-
questration of salt, such that they were able to germinate indistilled water, even under low temperature conditions. It seems
likely that the ‘germination recovery’ of seeds pre-germinated
in distilled water merely represents a continuation of the germina-
tion profile over the recovery period. Heydecker et al. (1973)
found that the preconditioning, or priming, increases the unifor-
mity and speed of germination in comparison with non-primed
seeds, while accumulation of Na+ by the embryo has been
shown to promote a water potential gradient between the embryo
and substrate, making germination conditions more favourable
than possible on low water potential substrate lacking Na+
(Romo and Eddleman, 1985). Our data suggests that this accumu-
lation of salt is dose-dependent, and that salt may be able to in-
crease germination rates and percentages under low temperature
conditions.
Acknowledgements
We thank Associate Professor Cory Matthew and Professor
Peter Kemp from Massey University for their comments on
the manuscript. Hongxiang Zhang was funded by the National
Key Basic Research Development Program, grant no.
72218B1001. Louis John Irving was funded by a Massey Uni-
versity Post-Doctoral Scholarship.
References
Almansouri, M., Kinet, J.M., Lutts, S., 2001. Effect of salt and osmotic stresses
on germination in durum wheat (Triticum durum Desf.). Plant and Soil 231,
243–254.
Bouaziz, A., Hicks, D.R., 1990. Consumption of wheat seed reserves during
germination and early growth as affected by soil–water potential. Plant
and Soil 128, 161–165.
Bradford, K.J., 1990. A water relations analysis of seed germination rates. Plant
Physiology 94, 840–849.
Chapman, V.J., 1974. Salt marshes and salt deserts of the world. J. Cramer Ver-
lag, Brerner-Laven. pp. 392.
Cheng, Z.Y., Bradford, K.J., 1999. Hydrothermal time analysis of tomato seed
germination responses to priming treatments. Journal of Experimental Bot-
any 50, 89–99.
Corbineau, F., Gay-Mathieu, C., Vinel, D., Come, D., 2002. Decrease in sun-
flower (Helianthus annus) seed viability caused by high temperature as re-
lated to energy metabolism, membrane damage and lipid composition.
Physiologia Plantarum 116, 489–496.
Dodd, G.L., Donovan, L.A., 1999. Water potential and ionic effects on germi-
nation and seedling growth of two cold desert shrubs. American Journal of
Botany 86, 1146–1153.
Foard, D.E., Haber, A.H., 1961. Anatomic studies of gamma-irradiated wheat
growing without cell division. American Journal of Botany 48, 438–446.
Fricke, W., Akhiyaova, G., Wei, W., Alexandersson, E., Miller, A., Kjellbom,
P., Richardson, A., Wojciechowski, T., Schreiber, L., Veselov, D.,
Kudoyarova, G., Volkov, V., 2006. The short-term growth response to
salt of the developing barley leaf. Journal of Experimental Botany 57,
1079–1095.
Garthwaite, A.J., Von Bothmer, R., Colmer, T.D., 2005. Salt tolerance in wild
Hordeum species is associated with restricted entry of Na+ and Cl− into the
shoots. Journal of Experimental Botany 56, 2365–2378.
Glenn, E.P., Brown, J.J., Blumwald, E., 1999. Salt tolerance and crop potential
of halophytes. Critical Reviews in Plant Sciences 18, 227–255.
Gornik, K., deCastro, R.D., Liu, Y.Q., Bino, R.J., Groot, S.P.C., 1997. Inhibi-
tion of cell division during cabbage (Brassica oleracea L.) seed germina-
tion. Seed Science Research 7, 333–340.
Greenway, H., Munns, R., 1980. Mechanisms of salt tolerance in nonhalo-
phytes. Annual Review of Plant Physiology 31, 149–190.
210 H. Zhang et al. / South African Journal of Botany 78 (2012) 203–210Gulzar, S., Khan, M.A., 2001. Seed germination of a halophytic grass Aeluro-
pus lagopoides. Annals of Botany 87, 319–324.
Gummerson, R.J., 1986. The effect of constant temperatures and osmotic potential on
the germination sugar beet. Journal of Experimental Botany 41, 1431–1439.
Gurusinghe, S.H., Cheng, Z.Y., Bradford, K.J., 1999. Cell cycle activity during
seed priming is not essential for germination advancement in tomato. Jour-
nal of Experimental Botany 50, 101–106.
Hester, M.W., Mendelssohn, I.A., McKee, K., 2001. Species and population
variation to salt stress in Panicum hemitomon, Spartina patens, and Sparti-
na alterniflora: morphological and physiological constraints. Environmen-
tal and Experimental Botany 46, 277–297.
Heydecker, W.J., Higgins, J., Gulliver, R.L., 1973. Accelerated germination by
osmotic seed treatment. Nature 246, 42–44.
Hu, L., Lu, H., Liu, Q.L., Chen, X.M., Jiang, X.N., 2005. Overexpression of
mtlD gene in transgenic Populus tomentosa improves salt tolerance through
accumulation of mannitol. Tree Physiology 25, 1273–1281.
Huang, J., Reddman, R.E., 1995. Salt tolerance of Hordeum and Brassica spe-
cies during germination and early seedling growth. Canadian Journal of
Plant Science 75, 815–819.
Khan, M.A., Gulzar, S., 2003. Germination responses of Sporobolus ioclados: a
saline desert grass. Journal of Arid Environments 53, 387–394.
Khan, M.A., Ungar, I.A., 1996. Influence of salinity and temperature on the ger-
mination of Haloxylon recurvum. Annals of Botany 78, 547–551.
Khan, M.A., Gul, B., Weber, D.J., 2002. Seed germination in relation to salinity
and temperature in Sarcobatus vermiculatus. Biologia Plantarum 45, 133–135.
Neumann, P., 1997. Salinity resistance and plant growth revisited. Plant, Cell &
Environment 20, 1193–1198.
Rajendran, K., Tester,M., Roy, S.J., 2009. Quantifying the threemain components
of salinity tolerance in cereals. Plant, Cell & Environment 32, 237–249.Rea, P.A., Yongcheol, K., Sarafian, V., Poole, R.J., Davies, J.M., Sanders, D.,
1992. Vacuolar H+ translocating pyrophosphatases: a new category of ion
translocase. Trends in Biochemical Sciences 17, 348–353.
Redondo, S., Rubio-Casal, A.E., Castillo, J.M., Luque, C.J., Alvarez, A.A.,
Luque, T., Figueroa, M.E., 2004. Influences of salinity and light on germi-
nation of three Sarcocornia taxa with contrasted habitats. Aquatic Botany
78, 255–264.
Ren, Z.H., Gao, J.P., Li, L.G., Cai, X.L., Huang, W., Chao, D.Y., Zhu, M.Z.,
Wang, Z.Y., Luan, S., Lin, H.X., 2005. A rice quantitative trait locus for
salt tolerance encodes a sodium transporter. Nature Genetics 37,
1141–1146.
Romo, J.T., Eddleman, L.E., 1985. Germination response of greasewood (Sar-
cobatus vermiculatus) to temperature, water potential and specific ions. The
Journal of Range Management 38, 117–120.
Romo, J.T., Haferkamp, M.R., 1987. Effects of osmotic potential, potassium
chloride, and sodium chloride on germination of greasewood (Sarcobatus
vermiculatus). Great Basin Naturalist 47, 110–116.
Serrano, R., Gaxiola, R., 1994. Microbial models and salt stress tolerance in
plants. Critical Review in Plant Sciences 13, 121–138.
Ungar, I.A., 1995. Seed germination and seed-bank ecology of halophytes. In:
Kigel, J., Galili, G. (Eds.), Seed development and germination. Marcel
and Dekker, New York, pp. 599–628.
Welbaum, G.E., Tissaoui, T., Bradford, K.J., 1990. Water relations of seed de-
velopment and germination in muskmelon (Cucumis melo L.)Ш. Sensitiv-
ity of germination to water potential and abscisic acid during development.
Plant Physiology 92, 1029–1037.
Werner, J.E., Finkelstein, R.R., 1995. Arabidopsis mutants with reduced re-
sponse to NaCl and osmostic stress. Physiologia Plantarum 93, 659–666.Edited by TR Marks
